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a b s t r a c t
Stem cells have the ability to self renew and are therefore a good source for cell therapy following
ischemia. In this study, we transplanted adult rat neural stem cells (NSCs) by lumbar puncture (LP) to
investigate whether these cells can migrate and differentiate into neurons or glial cells, thereby improv-
ing functional outcome in cerebral ischemia. Transient ischemia was induced in adult rats (n=16) for
1h. Three days after the induction of ischemia, NSCs obtained from the subventricular zone of adult
rats were injected into ischemic animals (n=8) by LP at the level of L6–S1. Improved recovery of the
coordination of movement on the 1st, 7th, 14th, 21st and 28th days after the injury was examined by
the Rotarod test and compared with non-transplanted ischemic animals (n=8). The presence of NSCs
in the brain tissue of the animals was examined by immunohistoﬂuorscence and immunohistochemi-
cal techniques. The coordination of movement in ischemic animals that received neural stem cells was
improved signiﬁcantly (P<0.05) compared with untreated ischemic animals. Cells labeled with PKH26
were observed in the ischemic area of brain tissue sections. The alkaline phosphatase test and immuno-
histochemical techniques demonstrated a gathering of NSCs in the lateral ventricle. A number of cells
which expressed neuronal and astrocytic cell markers hadmigrated from the lateral ventricle to the sub-
jacent brain parenchyma.NSCs injected by LPwere able tomigrate to the ischemic tissue anddifferentiate
into neural-like cells. These differentiated cells may have improved the coordination inmovement in the
ischemic animals injected with NSCs.
© 2011 Elsevier Ireland Ltd. All rights reserved.
Ischemia can cause damage to the brain that is associated with
molecular and biological changes leading to the induction of cell
death [12] andneurological symptoms [6].NSCs are able toprolifer-
ate in the presence of epidermal growth factor (EGF) and ﬁbroblast
growth factor (FGF), and when these factors are removed from the
culture medium, they differentiate into neurons and glial cells of
the CNS [17,19]. Neurons that are generated from NSCs also have
the ability to form functional synapses in vitro [20] and in vivo [1].
It has been shown that NSCs transplanted into the brain ven-
tricles form clusters and some traverse the ventricular wall to the
subventricular zone (SVZ). After inducing focal transient ischemia,
these cells migrate to the striatum, particularly to the periphery of
the portion that was damaged by the ischemia [9].
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Transplantation of neural progenitor cells by direct injection
to ischemic models causes damage to the brain parenchyma by
the injecting needle and limits the migration of the cells [5,18,21].
Therefore, transplantationofNSCs into the cerebrospinalﬂuid (CSF)
by lumbar puncture LP is an attractive choice in relation to the
other methods because of its minimal state of injury, low cost and
simplicity [11].
Many studies have demonstrated the survival and migration of
the NSCs in replying to the focal injury [15,16]. Previous studies
have suggested that NSCs have the potential to differentiate into
appropriate neurons to form a functional neuronal circuitry. There-
fore, NSCs could be used as a valuable source for cell therapy by
transplantation in any neurological injuries [14].
The purpose of this study was to transplant NSCs using lumbar
puncture, which is a safe and cheap method, into rats following
transient ischemia to investigate whether these cells can migrate
and differentiate into neurons or glial cells, and thereby improve
the coordination of movement.
Two-month-old male rats were deeply anesthetized with chlo-
ral hydrate (400mg/kg, I.P.) and sacriﬁced by cervical dislocation.
The animals were decapitated and the brains were excised under
sterile conditions [3]. The SVZ was dissected and cut into small
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pieces. Tissue specimenswere transferred into0.25%Trypsin/EDTA.
After 30min, the trypsin was inactivated by fetal bovine serum
(FBS,Gibco,Australia). The tissuewasmechanicallydissociated into
a cell suspension with a ﬁre-polished Pasteur pipette. After cen-
trifugation, the cells were plated in uncoated tissue culture ﬂasks
containing DMEM (Sigma) with N2 supplement, 20ng/ml (Gibco,
Australia) EGF, 20ng/ml FGF2 (Sigma–Aldrich, MO, USA) and peni-
cillin/streptomycin (100U/ml, 100g/ml). Every two days, half of
the culture medium was replaced by fresh medium. After 3 days,
some neurospheres appeared. The neurospheres were passaged
weekly.
Neurospheres were dissociated to single cells and plated into
96-well plates coated with poly-d-lysine containing DMEM/F12
with N2 supplement and 10% FBS. The cultures were grown for
7 days, by the time which morphology of the cells changed. After
7 days, they were ﬁxed with 4% paraformaldehyde (PFA). The cul-
tures were then washed three times with PBS. After treating with
0.3% TritonX-100 for 20min, cultureswere blockedwith 5%normal
goat serum in PBS and 0.3% Triton X-100 for 1h at room tem-
perature and exposed to the following primary antibodies: anti
-tubulin 3 (1:200; Abcam), anti S100 (1:200; Abcam) and anti
CNPase (1:100; Abcam), and incubated at 4 ◦C overnight. The cul-
tures were washed three times with PBS and treated with goat
anti-mouse FITC conjugated IgG (1:50; Chemicon) secondary anti-
body at room temperature for 1h. They were washed three times
with PBS and prepared for observation under a ﬂuorescent micro-
scope (Olympus IX71, Olympus, Japan) equipped with a digital
camera (DP71, Olympus, Japan).
Male Wistar rats weighing 280–320g were anesthetized with
chloral hydrate (400mg/kg I.P.) and an operative ﬁeld was shaved.
A skin incision was made at the midline of the neck. The neck fas-
cia andmuscles were dissected to gain access to the right common
carotid artery (CCA). TheCCAwas temporarily ligated and the inter-
nal carotid artery (ICA)was clampedby amicrosurgery clamp. A cut
through the external carotid artery (ECA) was made and a 20-mm-
long 3–0 monoﬁlament nylon suture with one end sealed by ﬂame
and coated with poly-d-lysine was inserted from the ECA to the
clamped right ICA. The clamp was removed and the nylon suture
was allowed to continue to occlude the rightmiddle cerebral artery
(MCA) [13]. After 60min, the nylon suture was removed to allow
reperfusion. During the operation, rectal temperature was moni-
tored and kept at 37 ◦C using a heating lamp. The sham-operated
animals (n=8) underwent the same surgery except that the suture
was not inserted. After 24h, the animals were examined for neuro-
logical signs. The animalswith a contralateral rotation and forelimb
positive test were selected. Induction of ischemia was veriﬁed by
the observation of necrosis in the cortex and caudate nucleus and
putamen regions at the end of the experiments.
Three days after the induction of ischemia, eight out of
16 ischemic animals were anesthetized with chloral hydrate
(400mg/kg) and placed on an operating table [2]. The animal’s
forelimbs were extended towards the front and ﬁxed with tape.
The hindlimbs were left to hang off the table in a way that trunk
and hind limbs made right angle to each other. A longitudinal inci-
sion was made over the L5–S1 spinous processes and the skin was
retracted. A neonatal LP needle (24G) was advanced into the spinal
canal at the level of L5–L6 or L6–S1. The correct placement of the
needle was conﬁrmed by two signs: (1) the tail ﬂick, and (2) the
presence of CSF in the needle hub. NSCs were labeled by PKH26
and 1×107 cells in 50l PBSwere injected into CSF. After recovery,
the animals were returned to their cages and immunosupressed by
I.P. administrationof cyclosporineA (10mg/kg) (Novartis, Sweden),
24h before transplantation and daily thereafter. The animals were
divided into ﬁve groups: (1) control group that did not receive any
intervention (n=8), (2) shamoperated group inwhich only the skin
of the neckwas incised and then sutured (n=8), (3) ischemic group
(n=8), (4) ischemic group that received NSCs by LP (n=8) and (5)
vehicle group that received the vehicle instead of NSCs (n=5).
A behavioral test was performed one day before the induc-
tion of ischemia, and at the 1st, 2nd, 3rd, and 4th week after the
induction of ischemia by a person who was blinded to the exper-
imental groups [4]. The animals were placed on an accelerating
Rotarod cylinder and the time that they remained on the Rotarod
was recorded. The test was stopped if the animal fell off the rungs
or gripped the device and spun around for two consecutive revo-
lutions without attempting to run. The maximum time that each
animal remained on the device was recorded.
After the last Rotarod test, the animalsweredeeply anesthetized
and perfused transcardially with 4% paraformaldehyde (PFA) in
PBS, pH 7.4. The brains were removed carefully and immersed
in 30% sucrose in PBS for 24h at 4 ◦C. Cryostat sections (20m)
were cut and mounted onto gelatin-coated slides and stored at
−70 ◦C. The tissues were incubated in 5% normal goat serum con-
taining 0.3% Triton X-100 for 45min. Then they were incubated
with the following primary antibodies: anti -tubulin 3 (1:200;
Abcam) and anti S100 (1:200; Abcam) at 4 ◦C overnight. The sec-
tions were washed three times with PBS and treated with a goat
anti mouse FITC conjugated IgG (1:50; Chemicon) secondary anti-
body at room temperature for 1h. The slides were washed three
times with PBS and prepared for observation under a ﬂuorescent
microscope (Olympus IX70, Olympus, Japan).
Brain tissues were incubated at 60 ◦C for 60min to inactivate
the endogenous peroxidase. They were stained with an alkaline
phosphatase kit (Sigma–Aldrich, MO, USA) according to the manu-
facturer’s protocol for the detection of alkaline phosphate positive
cells. The tissues were examined under a light microscope (Nikon
Ts100, Nikon, Japan).
All the data are presented as the mean± SEM. The t-test was
used to compare differences between two groups. SPSS software
version 11.5 forWindowswas used for statistical analysis. A differ-
ence of P<0.05 was considered signiﬁcant.
Following three days culture, cells which were obtained from
the SVZ regionof rat brains inmediumcontainingmitogenic factors
(EGF and FGF) formed a number of ﬂoating clustered neurospheres.
Dissociated neurospheres, which were cultured in poly-d-lysine
coated 96 well plates for 7 days, attached to the bottom of the
plates and exhibited neural morphology. Some of these differen-
tiated cells were positive for anti -tubulin 3, anti S100 and anti
CNPase markers, which are representative of neuronal, astrocytic
and oligodendrocytic cells, respectively.
To determine whether the transplantation of NSCs by LP
improved the coordination of movement after the induction of
ischemia, the Rotarod test was performed. The coordination of
movement of the NSC receiving ischemic animals was signiﬁcantly
higher (P<0.05) than the ischemic animals which did not receive
NSCs (Fig. 1). Following the injection of NSCs, the coordination of
movement increased with the time, and on the day 28th, it was
statistically signiﬁcant (P<0.05). The average score of the coordi-
nation of movement was 43.9±4.06 and 53.25±5.43 for ischemic
animals and ischemic animals that received NSCs, respectively
(P<0.05).
After the injection of PKH26-treatedNSCs into the subarachnoid
space of ischemic animals via LP, these cellswere found in the brain
ventricles freely and attached to the ventricular wall, and some
had migrated to the subependymal zone (Fig. 2). We could also
demonstrate some -tubulin 3+/PKH26+ cells at the periphery of
the ischemic area (Fig. 3). PKH26+ cells that were attached to the
ventricular wall highly expressed the S100 marker, and a number
of cells that migrated to the subependymal layer also expressed
the S100 marker (Fig. 4). A number of transplanted NSCs stained
with alkaline phosphatase hadmigrated to the subependymal zone
(Fig. 5).
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Fig. 1. Recovery of the coordination of movement in ischemic and non-ischemic
animals. This ﬁgure shows that the coordination of movement was higher and sig-
niﬁcant in the ischemic animals that received NSCs than those that did not receive
these cells at 28 days after ischemia.
In this study, wewere able to demonstrate the potential of NSCs
in the repair of focal cerebral ischemia in rats. We showed that
NSCs which were transplanted by lumbar puncture had the abil-
ity to migrate to the ventricular system and then to the injured
area, differentiating into phenotypic neural cells. The ﬁrst attempts
at transplantation of NSCs in situ led to neurological defects and
was found to produce more injury during the process of injection.
Therefore, other methods of transplantations such as intravenous
[10], intracisternal [7] and intra-arterial [8] routes of delivery were
developed for the therapy of neurological disorders. In this study,
we insisted on a safe method of NSC injection into the animals
with the cerebral ischemic model of injury with minimum injury
to the cerebral tissue in the process of injection. There are only a
few studies in which the injection of NSCs into ischemic animals
was performed by LP. It has been shown in spinal cord injury mod-
els that LP injected neural progenitor cells, can migrate to the site
of injury and differentiate into the type of cells that are situated
in the region [11]. Lepore et al. [11] also demonstrated the migra-
tion of injected cells to the ventricular system by using the alkaline
phosphatase staining technique. In our study, the alkaline phos-
Fig. 2. Migration of NSCs to the ventricle and subependymal zone in ischemic ani-
mals. The image shows the appearance of cells that express the PKH26 marker in
the ventricular wall (red stained cells showed by yellow arrow) and subependymal
zone (showed by red arrows) of ischemic animals one week after NSC injection by
LP (bar 200m). (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of the article.)
Fig. 3. (A) Appearance of differentiated NSCs as neurons in the ventricular wall and
subependymal zone in ischemic animals. Transplanted NSCs stained with PKH26
seen in the ventricular wall. (B) Transplanted NSCs in the ventricular wall show
high expression of -tubulin 3. (C) A merged image of (A) and (B) (bar 100m).
phatase staining technique showed that, after the transplantation
of NSCs by LP to ischemic rats, the migrated cells were observed as
a gathering of cells at the margins of the ischemic ventricle which
expressed neuronal and glial markers. We suggest that the gather-
ingof themigratedcells in theventricleof the ischemichemisphere,
in contrast to the intact hemisphere, could be under the inﬂuence
of factors released from the cells in the ischemic area that attracted
the injected cells to the area of injured brain tissue. These fac-
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Fig. 4. (A) Appearance of differentiated NSCs as astrocytes in the ventricular wall
andsubependymal zone in ischemicanimals. TransplantedNSCs stainedwithPKH26
are seen in the ventricular wall and subependymal zone. (B) Transplanted NSCs in
the ventricular wall and subependymal zone show expression of the S100 marker.
(C) A merged image of (A) and (B) (bar 160m).
tors should be released in the cerebrospinal ﬂuid as well as in the
blood, and the injected cells could be able to migrate along this
chemoattractant gradient to the ventricle of the ischemic hemi-
sphere and pass through the ependymal layer and into the brain
tissue. Intraventricularly injected NSCs, in focal ischemicmodels of
injury, have been seen to migrate through the ventricular wall to
the SVZ and then to the area close to the striatum and injured brain
Fig. 5. Appearance of alkaline phosphatase treated NSCs in the ventricular wall and
subependymal zone in ischemic animals. In this image, it seems that cells stained
with alkalinephosphatase (browncells) pass throughependymal layer to the subep-
nedymal zone and brain parenchyma. The inset shows a highermagniﬁcation of the
ependymal layer and the abovementioned cells (bar 200m).
tissue. Thesemigrated cells differentiated into the type of cells that
existed in the area of injured brain tissue [9]. In our study, in addi-
tion to the demonstration of migrating and differentiating NSCs,
we could also provide valuable information about the coordination
of movement in animals which received NSCs. Intraventricular [9]
and intracisternal [7]methods ofNSC injection are invasive anddif-
ﬁcult methods that could damage the brain tissue and ﬂoor of the
fourth ventricle, but the LP method that we used is a simple, inex-
pensive andharmlessmethod that canbeused in other animals and
in humans. Our unpublished data have shown the LP route of deliv-
ery as a safemethod of transplantation of autologous bonemarrow
stem cells in the repair of spinal cord injured (SCI) patients.
Wedemonstrated that theNSCs thatwere injected into the cere-
brospinal ﬂuid of ischemic rats by lumbar puncturemigrated to the
injured tissue of the cerebral hemisphere anddifferentiated to neu-
ronal and glial cells and therefore may lead to better coordination
ofmovement. This effective andharmlessmethod of cell transplan-
tation both reduced the injury to the nervous system and caused
the survival of injected cells leading to a better recovery of nervous
system disorders. In this study, we demonstrated that the injection
of NSCs by lumbar puncture may be a suitable method for treating
neurological disorders.
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